A dynamic-charge, many-body potential function is proposed for the hafnium/hafnium oxide system. It is based on an extended Tersoff potential for semiconductors and the charge-optimized many-body potential for silicon oxide. The materials fidelity of the proposed formalism is demonstrated for both hafnium metal and various hafnia polymorphs. In particular, the correct orders of the experimentally observed polymorphs of both the metal and the oxide are obtained. Satisfactory agreement is found for the structural and mechanical properties, defect energetics, and phase stability as compared to first-principles calculations and/or experimental values. The potential can be used in conjunction with the previously determined potentials for the Si and SiO 2 system. This transferability is demonstrated by comparing the structure of a hafnia/silicon interface to that previously determined from electronic-structure calculations.
I. INTRODUCTION
The continuous downsizing in the feature dimensions of microelectronic devices and ultralarge integrated circuits ͑ULSIs͒ dimensions has necessitated ever thinner dielectric oxide layers. Silicon dioxide ͑SiO 2 , silica͒ had been used as the gate oxide for decades. However it had to become so thin ͑ϳ1 nm͒ that the generation of leakage current had become a serious problem. To overcome this limitation, oxide materials with higher dielectric constants are replacing silica. Of all the oxide materials explored to date, hafnium dioxide ͑HfO 2 , hafnia͒ is considered to be one of the most important because of its relatively high dielectric constants ͑typically 20-25 depending on the polymorphs͒, 1,2 and high thermal stability when in contact with silicon ͑both semiconductor and poly-Si gate electrode͒. 3 Moreover, it has been reported both experimentally and computationally that the incorporation of nitrogen 4, 5 and fluorine 6, 7 into hafnia films used in current devices further reduces the leakage current by passivating the oxygen vacancies. 8 However challenges still remain. In particular, the formation of a low dielectric-constant hafnium silicate interfacial layer 9 and the presence of oxygen defects at both the hafnia/silicon interface and in the hafnia film that trap electrons lead to a decrease in channel mobility and an instability in the threshold voltage. 10, 11 Hafnia crystallizes into three crystalline polymorphs at ambient pressure: a monoclinic ͑P2 1 / c͒ phase, a tetragonal ͑P4 2 nmc͒ phase, and a cubic fluorite ͑Fm3m͒ phase. The monoclinic-to-tetragonal transition takes place at 2000 K while the tetragonal-to-cubic transition occurs at 2900 K. The melting point of the cubic phase is at 3085 K. 12 There are also two high-pressure phases: the orthorhombic I phase ͑Pbca, Brookite-type structure͒ above 10 GPa and the orthorhombic II phase ͑Pnma, PbCl 2 -type, or cotunnite structure͒ above 30 GPa. 13 Monoclinic hafnia has a band gap of 5.68 eV. 14 Computational studies on hafnia and on the critical HfO 2 / Si interfaces rely heavily on ab initio quantum-mechanical 15 and density-functional theory ͑DFT͒ methods. 16, 17 Although electronic-structure methods provide the highest accuracy currently available, they are computertime intensive and limited to systems sizes of typically a few hundred atoms. Because of these size limitations and the difficulty in simulation at nonzero temperatures, electronicstructure methods are not well suited to the investigation of certain phenomena that are of interest, such as the evolution of device-size HfO 2 / Si interfaces, the growth of hafnia films on Si surfaces with pulsed laser deposition ͑PLD͒, ion diffusion, and thermal transport. The strengths and weaknesses of classical molecular-dynamics ͑MD͒ simulations are complementary to those of first-principles calculations: the empirical interatomic potentials do not promise the level of materials fidelity of electronic-structure methods; however, they can simulate large systems and capture nonzero temperature and dynamical processes in a natural way. Currently, no published empirical potential predicts monoclinic hafnia to be the most stable phase or correctly describes the properties of hafnia polymorphs. A charge-optimized many-body ͑COMB͒ potential, which allows dynamic charge equilibration, has previously been developed for Si/ SiO 2 systems. 18 It has recently been improved and extended to include amorphous silica 19 and well describes the properties and phase order among silicon and silica polymorphs. In this paper, therefore, we develop a COMB potential that, by design, gives the correct phase order and reasonably well reproduces key properties of both elemental hafnium and hafnia polymorphs. Moreover, the potential is compatible with the previously developed potentials for the Si/ SiO 2 system and amorphous silica, 19 allowing the simulation of HfO 2 / Si interfaces. The rest of the paper is organized as follows. In Sec. II we introduce the general COMB potential formalism for Hf/ HfO 2 and compare the predicted properties of hafnium metal and hafnia polymorphs to experimental values. In Sec. III we evaluate the point-defect energetics for this the potential while in Sec. IV we apply the potential to study the interfacial structure, work of adhesion, and charge transfer of an HfO 2 / Si interface. Section V contains a discussion and our conclusions. tem, described more fully elsewhere. 19, 20 Briefly, the COMB potential formalism is based on the empirical Tersoff potential for silicon. 21, 22 The Tersoff potential describes manybody interactions, allows the breaking of existing bonds and the formation of new bonds, and has been successfully applied to study various properties of silicon and diamond. Building on the Tersoff potential, Yasukawa 23 extended the bond-order method to the Si/ SiO 2 system by adding an electrostatic term and self-consistent charge equilibration in the spirit of the Rappe and Goddard approach, 24 which was also applied to Al/ Al 2 O 3 by Streitz and Mintmire 25 and most recently by Devine et al. 20 to Cu/ Cu 2 O. Iwasaki et al. 26, 27 applied the same Yasukawa approach to the Si/ HfO 2 , Ge/ HfO 2 , and Si/ ZrO 2 systems, while Yu et al. 18 modified the Yasukawa potential function by adding bond-bending terms for Si-O-Si and O-Si-O, yielding the COMB framework for the modified form for Si/ SiO 2 and amorphous silica. 19 COMB was able to capture the correct phase stability of the SiO 2 polymorphs.
Although these extended-Tersoff potentials have their strengths, including the ability to model multicomponent heterogeneous systems and transferability among different species, they are limited because of the use of a damped pointcharge model and because of the unrealistically short cutoff for the electrostatic term in the potential. To rectify these deficiencies, Devine et al. 20 modified the extended Tersoff potential for the Cu/ Cu 2 O systems ͑COMB potential for Cu/ Cu 2 O͒ by replacing the point-charge model and the cutoff function with Coulomb integrals over Slater 1s orbital 28 and by treating the electrostatic interactions using the realspace direct summation of modules. 29 In this paper these improvements to the COMB formalism are incorporated into the formalism for the Hf/ HfO 2 systems.
A. General formalism
The COMB potential for Hf/ HfO 2 system has the same general form as that for the Si/ SiO 2 systems 19 and Cu/ Cu 2 O systems. 20 The reader is referred to Appendix and Refs. 19 and 20 for full details of the general functional formalism. Here, only terms specific to the Hf/ HfO 2 system are discussed.
The bond-bending term E i BB used here is different from the COMB potential for Cu/ Cu 2 O, which uses a third-order Legendre polynomial 30 defined as
where P 3 is the third-order Legendre polynomial function of the Cu-Cu-Cu bond angle and K LP 3 is the coefficient fitted to the difference in cohesive energies of Cu in hexagonal-closepacked ͑hcp͒ and face-centered-cubic ͑fcc͒ phases. This function penalizes the 109.47°angle of the hcp phase in order to make the fcc phase more stable. When applying this function to Hf, however, the leading coefficient K LP 3 must be negative since hcp is the more stable phase. Also, the absolute value of the fcc-hcp energy difference for Hf is approximately an order of magnitude greater than that of Cu; thus K LP 3 must be a larger negative number. Although this function with a negative leading coefficient does successfully stabilize the 109.47°bond angle of the hcp phase, it also penalizes the 146°angle that is specific to the hcp phase. This penalty is significant because of the large K LP 3 value and results in an unstable hcp phase above 200 K.
To overcome this problem while still retaining a more stable hcp phase, this work instead employs a sixth-order Legendre polynomial as the bond-bending term E i BB applied only to Hf-Hf-Hf bonds. The function is defined as
where P 6 is the sixth-order Legendre polynomial function of the Hf-Hf-Hf bond angle and K LP 6 is the coefficient fitted to the difference in cohesive energies of Hf in hcp and fcc phases. This function stabilizes the 146°Hf-Hf-Hf bond angle of the hcp phase, without significantly penalizing the 109.47°angle. With this polynomial function, the hcp phase of Hf is stable and the hcp-fcc energy difference is well described.
When applying the COMB potential to model pure Hf metal, the charge-dependent terms do not contribute to the energy; as a result the potential formalism is significantly simplified. This reduced form of the potential has been previously been applied to fcc Cu by Yu et al., 31 and full details can be found in Ref. 31 .
The challenge for the hafnia system is the variety of Hf-O-Hf and O-Hf-O bond angles that are displayed by the various hafnia phases. For this reason, attempts to stabilize the monoclinic phase with bond-bending terms applied to Hf-O-Hf and O-Hf-O at first proved unsuccessful. Therefore, we introduce an overcoordination correction term to destabilize the phases with higher ͑8 and greater͒ coordination number on the Hf atom. This term was inspired by the analogous term in the ReaxFF potential for hydrocarbons 32 and takes the form for the Hf-O system,
͑4͒
Here E 0 and ␥ are fitted parameters that control the strength of the overcoordination correction, and ⌬N is the overcoordination number with respect to 7 ͑the coordination number of Hf atom in the ground-state monoclinic phase͒. The calculation of ⌬N incorporates the short-range cutoff f c , defined here in Eq. ͑A24͒, where R S and S S are the inner and outer covalent cutoffs, respectively, and are defined in Table I . This correction term is only applied when ⌬N is greater than 0.25.
Upon annealing, however, the tetragonal phase transformed into the cubic phase, whereas the transition identified by the c / a ratio being close to 1.0 and very similar Hf-O bond lengths ͑close to 2.19 Ǻ ͒ around any particular Hf atom ͑instead of four shorter bonds at 2.08 Ǻ and four longer ones at 2.39 Ǻ as in the tetragonal phase͒. Therefore, we introduce an additional repulsion term that takes the form,
where
The leading coefficient R ⍀ is 0.14 eV, r 1 and r 2 are 2.2285 Ǻ and 1.8935 Ǻ , respectively, and r Hf-O is the Hf-O bond length. These additional terms, E over and E r , are added into the repulsive energy term, Eq. ͑A3͒.
B. Fitting procedure
We have developed an algorithm that fits structural and energetic information for multiple phases. It determines the potential parameter set using a least-squares method to minimize a penalty function, f͑p͒, for each trial parameter set, p. The penalty function is determined for all included phases by calculating the variation in lattice parameters, elastic constants, and energy as a function of isometric strain with respective to the target values ͑obtained from first-principles calculations or experiments͒ with corresponding fitting weights. We have included a total of eight phases in the fitting procedure for the COMB potential for Hf/ HfO 2 : the ambient-pressure monoclinic, tetragonal, and cubic phases, high-pressure orthorhombic I ͑OI͒ and orthorhombic II ͑OII͒ phases, rutile ͑P4 2 / mnm͒ and ␣-PbO 2 ͑Pbcn͒ phases, and the pure Hf hexagonal metal phase ͑P6 3 / mmc͒. The Hf metal in fcc phase was not included in the fit because the fcc-hcp energy difference is solely dependent upon the Legendre polynomial and can be incorporated after all the other parameters have been fitted. The rutile and ␣-PbO 2 type phases do not appear in the phase diagram of hafnia, but some empirical potentials for AX 2 system have predicted them to be low-energy states, or even the ground state. This has been an endemic problem in developing potentials for monoclinic zirconia, ZrO 2 . [33] [34] [35] Hence, we include these two phases in the fit to ensure that they are much higher in energy than the experimentally observed phases.
Since the parameterization of the Iwasaki potential for Si/ HfO 2 was determined by fitting the atomic forces obtained with the potential to those obtained from firstprinciples calculations on Ge/ ZrO 2 or Si/ HfO 2 interfacial models, the potentials did not necessarily reproduce the structural and mechanical properties of the hafnium metal and hafnium oxide polymorphs, as discussed in more detail below. However, the parameter set from the Iwasaki potential is still a valuable guideline and is used as the initial guess in our fitting procedure. The final parameterization for the Hf/ HfO 2 COMB potential is shown in Table I . Table II compares the properties of hafnium metal predicted by the COMB potential with values from experiments, first-principles calculations, and the Iwasaki potential. Since Iwasaki did not publish these values in Refs. 26 and 27, we implemented his potential in our in-house MD code and calculated the properties with the published parameters.
C. Properties of Hf metal predicted by the COMB potential
It can be seen from Table II that the COMB potential not only predicts the lattice constants of Hf better than the Iwasaki potential but also yields almost exact agreement with experimental values for the elastic constants and the bulk and shear moduli. Most importantly, the COMB potential gives the correct order among different phases. In particular for metallic Hf, the energy difference between the hcp and fcc phases is very close to that calculated from DFT calculations. This is actually straightforward to achieve with the COMB potential since fcc and hcp phases cannot be distinguished with first-nearest-neighbor potentials without additional correction terms. Fitting the K LP 6 coefficient for the Legendre polynomial of the COMB potential gives the right hcp-to-fcc phase order with the exact energy difference. The Iwasaki potential does not contain a correction term such as that used here, and hence predicts zero-energy difference between the fcc and hcp phases.
With an almost exact fit to the hcp-to-fcc energy difference, the COMB potential also predicts the unstable stacking fault energy as 1.695 J / m 2 , which is very close to the value , predicted from the COMB potential and from experiments, respectively, and the defect-formation energies of Hf vacancy and interstitial. The COMB potential predicts the right trend and an interstitial formation energy very close to the DFT value; however, the COMB potential predicts a vacancy formation energy in Hf metal that is larger than that from DFT calculation by almost a factor of 2. This is also the case for the surface energies, COMB predicts the right trend for the surface energies but the values are approximately twice as large as the values from the DFT calculations for some of the surfaces considered. These overestimations are consistent with the overestimation of the bulk cohesive energy. Table III compares of the properties of the monoclinic, tetragonal, and cubic hafnia phases predicted by the COMB potential with experiment, DFT calculations, and the Iwasaki potential. The properties from the Iwasaki potential were again calculated with our implementation of the potential. Using a damped force minimization ͑quench͒ method with the Iwasaki potential, the monoclinic phase spontaneously transforms to a phase that resembles the ␣-PbO 2 -type structure with a much lower cohesive energy than the monoclinic phase. As a result, the properties for the monoclinic phase predicted from the Iwasaki potential are left blank in Table  III . The Iwasaki potential predicts higher cohesive energies for the monoclinic and tetragonal phases than for the ␣-PbO 2 -type structure; thus these phases are metastable in the Iwasaki potential. Not shown in the table are the relaxed surface energies for the ͑111͒, ͑001͒, and ͑100͒ surfaces of the monoclinic phase: 1.07 J / m 2 , 1.17 J / m 2 , and 2.02 J / m 2 , respectively, compared to 1.25, 1.45, and 1.79 J / m 2 from a first-principles study. 44 By construction, the COMB potential reproduces the phase order and elastic properties of the hafnia phases reasonably well. The monoclinic phase is the most stable structure with the COMB potential, which is in agreement with both experiments and DFT calculations. This is demonstrated in Fig. 1͑a͒ , which illustrates the cohesive energies as a function of unit volume ͑E-V curves͒ for various hafnia phases calculated from DFT with Perdew-Burke-Ernzerhof ͑DFT-PBE͒ exchange-correlation functional, 45 and Fig. 1͑b͒ , which shows the corresponding data for the COMB potential. As is the case in the DFT calculations, the high-pressure OI phase has a lower energy than the tetragonal phase, and the equilibrium volume is substantially smaller than that of the monoclinic and tetragonal phases. The transition barrier should be high enough to prevent the undesired monoclinicto-OI phase transition. phases calculated from DFT-PBE and the COMB potential relative to the monoclinic phase. The DFT calculations of these known phases from this work are in excellent agreement with the literature 40 and the correct phase order of the phases is captured by the COMB potential. Also given in the table are the cohesive energies of the rutile and ␣-PbO 2 -type phases; it can be seen that the ␣-PbO 2 -type HfO 2 structure is predicted by the DFT calculations to have the second lowest energy even though it does not exist in nature. The reason for the absence of ␣-PbO 2 -type phase in experiment may be attributed to the fact that large negative pressure is required for a monoclinic phase to transform to an ␣-PbO 2 type, as indicated by the larger equilibrium volume of the ␣-PbO 2 system illustrated in Fig. 1͑a͒ . The fact that this phase is predicted to be so low in energy could also be a shortcoming of the DFT-PBE calculations. Although the order of the rutile and ␣-PbO 2 -type HfO 2 structures predicted from the COMB potential is opposite to that from the DFT-PBE calculations, in both cases their energies are sufficiently higher than the monoclinic phase. For a monoclinic phase to transform to rutile/␣-PbO 2 -type structures, negative pressure must be applied ͑which corresponds to a volume expansion͒, accompanied by a decrease in the coordination number from 7 to 6 on all Hf atoms and 3/4 to 3 on all O atoms. The monoclinic-to-rutile/␣-PbO 2 transition was never observed in considered test cases, as discussed later in this section.
The finite-temperature properties are also of significant interest. Table V gives the thermal expansion coefficients of the monoclinic phase hafnia calculated with the COMB potential, compared with those from experiments. 36 The coefficients of thermal expansion in the a and c axes are slightly overestimated relative to the experimental values while that in the b axis is in fairly good agreement. As a result, the predicted volumetric thermal-expansion coefficient is ϳ30% larger than experimental values.
We also tested the temperature dependence of the lattice parameters and axial angles of the monoclinic hafnia on heating and cooling using the COMB potential for Hf/ HfO 2 developed in this work. The monoclinic phase was heated from 300 K up to 3500 K within 0.1 ns with threedimensional periodic boundary conditions applied, the lattice parameters gradually increase due to thermal expansion and the axial angles remain fairly constant. No sign of a phase transformation was seen while the monoclinic phase melted at around 3600 K. The lattice parameters and axial angles obtained from cooling the structure that was equilibrated at 3500 K follow the heating curves back down to 300 K. Since this system does not have any nucleation site for heterogeneous nucleation, this is not compelling evidence for the absence of a structural phase transition.
To provide such a heterogeneous nucleation site, surfaces were created on the monoclinic phase by lifting the periodic boundary condition on the ͑100͒ direction. This system, in which the surfaces act a nucleation sites, transforms to the tetragonal phase upon heating after 2.2 ps at 2300 K. On undergoing the phase transition, the sevenfold Hf atoms become fully eightfold coordinated, while the threefold O atoms become fourfold coordinated. This is characteristic of a transition from the monoclinic phase to a fluorite-like phase. This transition is quantified by the change in time-averaged lattice parameters in a, b, and c axes upon heating from 2000 to 3000 K as shown in Fig. 2 . It is seen that at 2300 K ͑around 8 ps͒ the a-axis spacing decreased from 5.236 to 5.196 Ǻ while the b axis also decreased from 5.242 to 5.181 Ǻ , which corresponds to the lattice parameter of the tetragonal phase in the a, b axes, indicating the phase transition ͑the measuring of a axis spacing takes the centermost 28 are the energies of defective and perfect bulk structures, respectively, n i is the number of defects and i is the chemical potential of the defect. The chemical potential of a hafnium atom in both the metallic and oxide phases at 300 K was used in the equation to estimate hafnium-containing defects, and that of O 2 molecule at the same temperature was used for defects that contain oxygen. The charge neutrality of the system is maintained after creating the defects. For example, if we consider a Hf vacancy, a Hf ion, instead of a Hf atom, is deleted from the structure it leaves its charges ͑+3.48e͒ in the system. In contrast, when we create a Hf interstitial, a neutral Hf atom is added to the system. A cation Frenkel defect is created by introducing both a Hf ion vacancy and a Hf ion interstitial. Due to the dynamic charge-transfer feature inherent to the COMB potential, created defects are able to take on charges from the surrounding ions while maintaining charge neutrality over the system as a whole. Charges associated with interstitial defects after charge equilibration are given in parenthesis in Table VI . Two values are given for oxygen interstitials, indicating the incorporation of oxygen interstitials into threefold-or fourfold-coordinated oxygen sites, respectively. Obtaining a good estimate of defectformation energies of the oxygen defects is particularly important since they act as charge traps and diffuse in the oxide as interstitials. Since the defect-formation energies were not part of the fitting set of physical properties, the fact that the COMB potential predicts the defect-formation energies with fidelity similar to that of DFT can be viewed as an indication that much of the correct physics is being captured. Removing a hafnium atom from the bulk monoclinic phase results in the breaking of seven Hf-O bonds; thus the energy required to form this point defect is the greatest among Hf/O vacancies and interstitials. Similarly, creating an oxygen vacancy requires breaking three to four Hf-O bonds; hence the formation energy is less than that of the hafnium vacancy. Hf and O interstitials require less energy to form since increasing the coordination number is more energetically favorable than breaking several Hf-O bonds. Of all   FIG. 2 . ͑Color online͒ Temperature dependence of the lattice constants of monoclinic hafnia with ͑100͒ surface on heating from 2000 to 3000 K showing the monoclinic-to-tetragonal phase transition at 2300 K using the COMB potential for Hf/ HfO 2 developed in this work. the point defects, the oxygen interstitial has the smallest formation energy. Also shown are the estimated defectformation energies of Schottky defects, and cation and anion Frenkel pairs. It can be seen from Table VI that the energy required to create a Schottky defect is slightly larger than that of one Hf and two O vacancies added together. Likewise, the formation energy of the cation Frenkel pair is little larger than the sum of one Hf vacancy and one Hf interstitial defect, which indicates that the association energy of the Hf vacancy and interstitial defects are positive; this implies that these defects like to be far apart and additional energy is required to bring them close to each other. In contrast, the formation energy of the anion Frenkel is slightly smaller than the sum of constituent point defects, indicating slightly negative association energy.
III. DEFECT-FORMATION ENERGIES IN MONOCLINIC HAFNIUM OXIDE

IV. HAFNIUM OXIDE AND SILICON INTERFACE
Although hafnia is an excellent material for the gate oxide dielectric, problems still exist; in particular, the diffusion of oxygen through the hafnia layer to form a silica layer at the HfO 2 / Si interface. 48, 49 The formation of this interfacial layer between hafnia and silicon substrates, which decreases the dielectric constant and leads to material deterioration, must be suppressed. In this section, we demonstrate the ability of the COMB potential to model the HfO 2 / Si interface and oxygen transport at the interface. To carry out this study, the Hf/ HfO 2 potential is implemented together with the COMB potential for Si/ SiO 2 .
19 This is possible because the functional form and the oxygen parameters are exactly the same between the two potentials, thus allowing the oxygen to interact with both elements in a well-defined manner within the system. The short-range interaction between Hf and Si follows the Lorentz-Berthelot mixing rule described in Eqs. ͑A10͒-͑A13͒, and the Hf and Si ions also interact via longrange Coulombic interactions.
There are various techniques for depositing hafnia films including atomic layer deposition ͑ALD͒, 50 PLD, 51 and chemical-vapor deposition. 52 Deposited hafnia thin films are typically amorphous as deposited and polycrystalline after a postdeposition annealing. 44 It has been reported that hafnia films deposited at 300°C by ALD are predominantly monoclinic with ͑111͒ texture. 53, 54 For this proof-of-principle demonstration of the potential developed in this work, an oxygen-terminated cubic HfO 2 ͑100͒/Si ͑100͒ interface was chosen. Figure 3 shows snapshots of the c-HfO 2 :O/ Si interface at ͑a͒ its initial condition ͑since the lattice parameters of c-HfO 2 and Si are fairly close, the interface is fully coherent with −8.1% strain applied to the Si substrate in the x and y directions͒, and ͑b͒ after 2 ps of evolution at 300 K. Large ͑red͒ atoms are Hf, medium-sized atoms ͑cyan͒ are Si, and small atoms ͑blue͒ are oxygen. The snapshots are color coded ͑online͒ according to the charges the atoms carry: red is positive, cyan is neutral, and blue is negative. Initially the c-HfO 2 layer carried +3.30e on the Hf atoms and −1.485e on the O atoms. The Si substrate is neutral and the system as a whole is charge neutral.
It can be seen that the interfacial Si and O atoms from the Si substrate and c-HfO 2 : O, respectively, move slightly into the interface, forming Si-O bonds. As a result a very thin SiO 2 layer with oxidized Si atoms is formed. The driving mechanism for the formation of the SiO 2 layer may be a result of the unfavorable coordination of Si atoms at the interface, which are sixfold coordinated and have relatively high energy. Once the small displacement between the interfacial Si and O atoms takes place to form the SiO 2 layer, the interfacial Si atoms are fourfold coordinated, the second layer Si atoms are threefold coordinated, the interfacial Hf atoms are sixfold coordinated, and the oxygen atoms are threefold or fourfold coordinated. This results in a more stable bonding environment at the interface than the starting structure. Figure 4 illustrates the distribution of charge at the c-HfO 2 / Si interface for Si, O, and Hf atoms after 2 ps of evolution. At the interface, the change in charge on Si atoms is +2.308e on average, while that for O and Hf atoms are −0.413e and +0.383e, respectively. The results indicate that interfacial Si atoms oxidize, forming Si-O bonds and donating electrons to the O atoms in the cubic hafnia. The oxidation of Si atoms at the interface to form a silica layer is consistent with experimental results;
48,49 as we shall see, these strong Si-O bonds contribute to the large value of the work of adhesion.
The work of adhesion quantifies the energy saving from two surfaces forming an interface, and is an indication of the stability and strength of the interface. The larger the work of adhesion of an interface, the more energy is required to separate the interface into two surfaces. Here the work of adhesion W of the c-HfO 2 / Si interface was calculated from the standard equation: W = ͑E HfO 2 + E Si − E HfO 2 /Si ͒ / A, where E HfO 2 and E Si are the total potential energy of the relaxed fixedvolume HfO 2 and Si slabs, respectively, E HfO 2 /Si is the energy of the relaxed interfacial structure, and A is the surface/ interface area. The same method was applied to calculate the work of adhesion of Cu/ SiO 2 interfaces with DFT. 55 All the structures are equilibrated at 300 K, prior to quenching at T = 0 K. The calculated work of adhesion of the quenched c-HfO 2 / Si is 7.36 J / m 2 , which indicates a relatively strong interface, and is in excellent agreement with that calculated from DFT-PBE, 7.19 J / m 2 . The surface energies calculated from the relaxed c-HfO 2 ͑100͒ and Si ͑100͒ slabs with COMB potential are 5.74 J / m 2 and 3.03 J / m 2 , respectively, compared to those obtained from DFT calculations, which are 5.56 J / m 2 and 2.83 J / m 2 , respectively. Note that the Si ͑100͒ surface energy is high because of the −8.1% strain applied to ͑010͒ and ͑001͒ directions.
The agreement between the COMB prediction and the DFT calculation indicates that the COMB potentials for Hf/ HfO 2 and Si/ SiO 2 in combination with the mixing rule for Hf/Si interactions is adequate for modeling Si/ HfO 2 interfaces. However, additional extensive testing is required to identify cases for which this approach works less well. It should be mentioned that Si ͑100͒ and monoclinic hafnia ͑001͒ and ͑111͒ interfaces are currently being constructed and tested, and the results are reserved for a future study.
V. CONCLUSIONS
The COMB potential for Hf/ HfO 2 developed in this work is based on the Tersoff potential for silicon, 21, 22 which incorporates many-body effects that allow the breaking of existing bonds and the formation of new bonds; the Yasukawa 23 modification of the Tersoff potential for Si/ SiO 2 that introduces dynamic charge transfer; and the COMB potential for Cu/ Cu 2 O ͑Ref. 20͒ that incorporates direct sum of modules for treating long-range electrostatic interactions. The COMB potential for Hf/ HfO 2 captures most of the physical properties of Hf metal and hafnia polymorphs. However, it is necessary to sacrifice accuracy in some properties, such as the Hf metal lattice constants and cohesive energy, in order to guarantee the correct phase order among hafnia polymorphs. Most importantly, however, the COMB potentials for Hf/ HfO 2 , Cu/ Cu 2 O ͑Ref. 20͒ and Si/ SiO 2 ͑Ref. 19͒ can be seamlessly coupled together for MD simulation studies of life-size devices such as HfO 2 / Si interfaces, Hf x Si 1−x O y films, the growth of hafnia films on Si or SiO 2 , and the entire gate stack ͑Si/ SiO 2 / HfO 2 / Cu 2 O / Cu͒. Thus, the COMB potential for Hf/ HfO 2 should prove to be a useful tool and an effective method for carrying out large-scale MD simulations and computational studies.
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APPENDIX: FUNCTIONAL FORM OF THE COMB POTENTIAL FOR HfÕ HfO 2
The COMB potential for Hf/ HfO 2 has the general functional form, 
where E T is the total potential energy of the system, E i S is the self-energy term of atom i, V ij is the interatomic potential between the ith and jth atoms, r ij is the distance of the atoms i and j, and q i and q j are charges of the atoms, and E i BB is the bond-bending term of atom i. The interatomic potential energy V ij consists of four components: short-range repulsion, U ij R , short-range attraction, U ij A , long-range Coulombic interaction, U ij I , and long-range van der Waals energy, U ij V , which are defined as, The many-body effects are described with the bond-order term, b ij , in the short-range attraction, and it has the form 
The potential is truncated by the cutoff function f S ij , which is defined as, where R and S are optimized cutoff radii.
The long-range Coulombic interaction between charged atoms is described with the charge coupling factor, J ij ͑r ij ͒, and takes the form, 
